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Abstract 


We calculate the radiative decay widths of decuplet hyperons in a chiral con¬ 
stituent quark model including electromagnetic exchange currents between 
quarks. Exchange currents contribute significantly to the E2 transition ampli¬ 
tude, while they largely cancel for the Ml transition amplitude. Strangeness 
suppression of the radiative hyperon decays is found to be weakened by ex¬ 
change currents. Differences and similarities between our results and other 
recent model predictions are discussed. 
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I. INTRODUCTION 


Electromagnetic transitions in baryons provide not only information on the importance 
of exchange currents but also on the effective quark-quark interaction. In the context of 
potential models, electromagnetic gauge invariance relates the two-body terms of the quark 
model Hamiltonian (potentials) to the two-body terms in the current operator (exchange 
currents). The excitation spectrum and electromagnetic transition amplitudes of baryons 
are thus intimately connected. Recently, several works [|I]-|^ systematically discuss two-body 
exchange current effects on electromagnetic observables. A good example for the importance 
of exchange currents is the C2 (E2) multipole amplitude in the 'yN ^ A transition. While 
constituent quark model calculations using D-state admixtures underpredict this observ¬ 
able by a factor of three or more, exchange currents give the correct empirical quadrupole 
transition amplitude IQ. 

Here, we briefly report on the hrst study of exchange current effects on the radiative 
decays of all decuplet hyperons. Theoretical studies of radiative hyperon decays have been 
performed in the pioneering work of Lipkin [^], the quark model (without exchange currents) 
0, SUi?(3) Skyrme model approaches p|-pT[|, chiral bag models |n|, heavy baryon chiral 
perturbation theory |^, or quenched lattice calculations Current experimental pro¬ 
grams aim at a detailed measurement of the radiative decays of some E* and S* hyperons 


U . 

Radiative decays of hyperons are interesting for several reasons. In previous quark model 
calculations of decuplet hyperon decays 0, which neglect exchange currents and D-state 
admixtures, all decays are pure Ml transitions. Here, we hnd that the inclusion of exchange 
currents leads in all cases to nonvanishing E2/M1 ratios. The comparison of our results 
with other model predictions and experimental data may not only provide another signal of 
exchange currents inside baryons but may even help to pin down the relative importance of 
vector (gluon) vs. pseudoscalar degrees of freedom in the effective quark-quark interaction 
at low energies. 

Radiative hyperon decays are sensitive to SUi?(3) flavor symmetry breaking and 
strangeness suppression. The decay widths of the negatively charged hyperons E*“ —>• yE" 
and yH” would be zero, if SUi?(3) flavor-symmetry was realized in nature. It has 

been speculated that these two decays remain almost forbidden even after SUf( 3) sym¬ 
metry breaking. Strangeness suppression, i. e. the decrease of the decay amplitude with 
increasing strangeness of the hyperon, is best studied by comparing transitions involving 
wave functions which are identical except for the replacement of d-quarks by s-quarks. The 
decays yu A° and yH° are particularly suited, because the strangeness content 

increases by two units. 


II. MODEL DESCRIPTION 

As a consequence of the spontaneously broken chiral symmetry of low-energy QCD, 
constituent quarks and the pseudoscalar (PS) mesons emerge as relevant degrees of freedom 
in hadron physics. The chiral quark model Hamiltonian in the case of three non-equal quark 
masses m* is 
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Here, = Z]a=i A^’“Ay’“ is a scalar product in color space, where A^’“ are the Gell- 

Mann SUc(3) color matrices. A quadratic conhnement potential is used. The radial form 
of the conhnement potential is according to our experience not crucial for the discussion of 
hadronic ground state properties. We will discuss the dependencies of our results on different 
types of conhnement interactions, e. g. linear conhnement, elsewhere. Hamiltonian (|I|) is 
described for the two-havor case in Refs. The residual interactions comprise 
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and the generalized chiral interactions due to pseudoscalar (PS) meson exchange, 
r’’® = (0-,. V,) (a, ■ V,) ji: A“ . \‘K(r) \‘VK{r) + A? ■ A»g(r)| 

la=l a=4: ) 

1 / exp(—m.^r) exp(—A..yr) 


sh„ 


A2 

7 


47r A^ — Arriimj 


; 7 = TT, a:,?] . 


( 3 ) 


The A“ are the SUi?(3) havor matrices. In Eq. (|^), experimental pseudoscalar meson masses 
m7r=138 MeV, mK=A95 MeV, m^=547 MeV, and a universal cut-oh Kt,=Kk=\=A.2 fm“^ 
are used. The quark-meson coupling constant g-psqq is related in the usual way to the pion- 
nucleon coupling. We furthermore include the a-meson as the chiral partner of the pion [Q , 
whereas we neglect the heavier (m~l GeV) scalar partners of the Kaon and 7 . 

As in Ref. 0, we use spherical (Os)^ oscillator states for the baryon wave functions. 
For chosen quark masses mu=mjv/3=313 MeV and m„/ms=0.55, the effective quark-gluon 
coupling tts, the conhnement strength Oc, and the wave function oscillator parameter are 
determined from the empirical baryon masses. Our parameters are very similar to Ref. 0, 
and the octet baryon magnetic moments are with the exception of the S’*" magnetic moment 
well described. Results for the individual potential contributions to the baryon masses are 
given in table |I[ 

While our results for ground state hyperon properties are satisfying, the strong one-gluon- 
exchange seems to prevent the simultaneous description of the low lying Roper- and the 
negative parity resonances of the hyperons |]^. The Roper resonances have been attributed 
to different kinds of quark and/or meson dynamics, and their interpretation as pure 3- 
quark conhgurations is far from being hrmly established. Here, we focus on electromagnetic 
decay amplitudes of decuplet hyperons in order to obtain further information on the relative 
importance of pseudoscalar and vector meson exchange between quarks. 

The electromagnetic currents corresponding to the Hamiltonian (||) are constructed by 
a non-relativistic reduction of the Feynman diagrams n,H,0] shown in Fig. 1. The spatial 
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exchange currents satisfy the nonrelativistic continuity equation with the exchange potentials 
in Eq. (g) fll]. Previous quark model calculations of hyperon decays 0 were performed in 
impulse approximation, and only the one-body quark current of Fig. 1(a) was considered. 
The PS-meson pair current jpsqq and in-flight current shown in Figs. 1(b) and 1(c) are 
given by 
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In (|) Yi^ai^Ti are coordinate, spin and isospin of the i-th quark, r = r* — r^, and q is the 
photon momentum. The remaining currents can be found in [Q. 

Siegert’s theorem connects the C2 and E2 transition amplitudes in the long wavelength 
limit and allows to calculate the E2 transition form factor at small momentum transfers from 
the charge density p(q). For spherical wave functions, only the gluon- and PS-meson-pair 
charge density operators contribute. 
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Their tensorial spin structure in Eq.(|^) allows for a double spin-flip of the two participating 
quarks crfaj as the only mechanism by which a C2 (or E2) photon can be absorbed 
Our Ml and C2 transition form factors are defined as 
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III. RESULTS AND DISCUSSION 


The one- and two-body cnrrent contribntions to the Ml transition moments 
/i=TMi(q^= 0) are given in table |I|. Individual exchange current contributions are as large 
as 60% of the impulse approximation result. 

As for the octet baryon magnetic moments 0, we observe substantial cancellations 
between the gluon-pair- and the scalar-pair-currents (confinement and one-sigma-exchange) 
for all decays. Due to partial cancellations between the PS-meson in-flight and the PS-meson 
pair term, the total PS-meson contribution to the Ml-amplitude is small. Nevertheless, the 
PS-meson contribution is important. It reduces the strong quark-gluon coupling constant 
and thus the gluon exchange current contribution. 

In impulse approximation, SUi7’(3) symmetry breaking, i. e. the fact that mu/mg =0.55- 
0.6 as suggested by the octet magnetic moments P, leads to a reduction of the transi¬ 
tion magnetic moments with increasing strangeness content of the hyperon. We hud that 
this strangeness suppression is for all six strange decays considerably reduced when ex¬ 
change currents are included. In particular, the reduction of the Ml transi- 

tion moment /ij%p “ =2.404/i7v with respect to the yn transition magnetic moment 


= 2 . 828 /i 7 v that is observed in impulse approximation, practically disappears when 


=o^'=*o 


exchange currents are included, and we obtain — fi/ot =2A28 ^n. Strangeness 

suppression is strong in the Skyrme model calculation of |^, while the lattice results from 
agree reasonably well with our predictions. 

An interesting comparison can be made for the Ml moments of the yS+ and 

yH° •«-»• transitions, as well as for the yS“ •«-»• and yS“ •«-»• transitions. They are 
pairwise equal in impulse approximation (see first column in table 0), and would also be 
equal after inclusion of exchange currents if SUi7’(3) flavor symmetry was exact. Gluon- and 
scalar-exchange currents lead to deviations from this equality of about 10%. Less pronounced 
deviations from SUi?(3) (in the opposite direction) are seen in the lattice results, whereas the 
Skyrme model shows a near equality for the Ml moments of the yS’*' <->■ S*"*" and yS*^ <->■ 
transitions, but a large difference for yS“ and yS“ Ml transition. 

In addition, we point out that the transition magnetic moments for the negatively charged 
hyperons (~-0.4/i7v) deviate considerably from the SUi?(3) flavor-symmetric value 0, when 
the quark mass ratio m„/ms=0.55 is used. If SUi?(3) symmetry was exact, these amplitudes 
would vanish even when exchange currents are included. In contrast to the Skyrme model 
P], we hud a stronger SUi?(3) symmetry violation for these decays. 

We observe that the hyperon transition quadrupole moments shown in table E3 receive 
large contributions from the PS-meson and gluon-pair diagrams of Fig. lb and Fig. Id. We 
recall that the E2 transition moments resulting from the one-body charge and the spin- 
independent scalar exchange charge operators are exactly zero for spherical valence quark 
wave functions. The transition E2 moments for the negatively charged hyperons and 
deviate from the SUir(3) flavor-symmetric value 0. Our results are in absolute magnitude 
mostly larger than the Skyrme model results but somewhat smaller than the lattice 
results H- 

The helicity amplitudes A 3 / 2 (q^) and Ai/ 2 (q^) of the radiative hyperon decays can be 
expressed as linear combinations of the Ml and E2 transition form factors (^ [Q. The 
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E2/M1 ratio of the transition amplitndes is defined as 
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The last eqnality is a conseqnence of Siegert’s theorem and has been derived in Ref. 0. 
The resonance freqnency u is given in the c.m. system of the decaying hyperon by cn = 
—MQ^^g^)/(2Mdecupiet)- Following Giannini partial decay widths are calcnlated 
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with, again, |E2/M1| = 

In table B helicity amplitndes y43/2(q^= 0) and Ai/ 2 (q^= 0), E2/M1 ratios and the 
radiative decay widths T = rE 2 + Tmi (||) are compared with previous quark model calcula¬ 
tions performed in impulse approximation |^, the SUi?(3) Skyrme model in the slow rotor 
approach P, and the quenched lattice calculation of [|T^]. Due to cancellations of different 
exchange current contributions to the Ml transition amplitude and the relative smallness 
of the E2 amplitude, the decay width T is dominated by the Ml impulse approximation. 
This explains the agreement of the present calculation with the results of 0. The strong 
suppression of the total decay width T with increasing strangeness seen in the Skyrme model 
is not reproduced by our calculation. The decay widths calculated in the chiral quark model 
are closer to the lattice results. 

The E2/M1 ratios are sensitive to exchange current contributions. Without exchange 
currents and D-state admixtures they would all be identical to zero. Except for the small 
qS"'' S*’*' E2/M1 ratio obtained in [^, the chiral quark model, the lattice calculation and 

the Skyrme model produce roughly the same ordering of E2/M1 ratios. For Eve decays, the 
chiral quark model E2/M1 ratios lie between the large lattice and the small Skyrme model 
results. All models yield large (the largest) E2/M1 ratios for the negatively charged states. 
However, there are important differences. The <->■ E2/M1 ratio in the Skyrme 

model approaches is zero or almost zero |^, while the SUir(3) symmetry breaking 

and the gluon-pair current in our model yield a sizeable E2/M1 ratio of —2.3%. Similarly, 
the E2/M1 ratio for the ^ qS“ decay, which is largely due to the gluon-pair exchange 
current, is with —5.5% almost three times larger than the Skyrme model result. The decays 


of negatively charged hyperons are particularly model dependent due to the smallness 
of both the E2 and Ml contributions. In our calculation the gluon contributes strongly to 
most E2/M1 ratios. Their measurements will give information on the importance of effective 
gluon (vector exchange) degrees of freedom in hadrons. 

So far experimental data exist only for the nonstrange decay. We briefly sum¬ 

marize the experimental situation. Most approaches (cf. tables |T| and 0) underesti¬ 
mate the empirical transition magnetic moment, — 3.58(9) /iat, the helicity am¬ 

plitudes A^/2^^=~(257±8) 10“^GeV“^/^, Af/2^^=^(141±5) 10“^GeV“^/^, and decay width 
Ea^3,v= 610-730 keV |^. Note that these observables are interrelated, and that helicity 
amplitudes or decay widths are dominated by the transition magnetic moment. According 
to Eq.(53) of Ref. one obtains from the empirical helicity amplitudes [TO for the magnetic 
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dipole and charge quadrupole transition form factors at |q| = 0 Fmi{0) = 3.58(9) /x at and 
Fq( 0) = —0.043(40) fm^ respectively, and E2/M1 = —1.5(4)%. Similarly, with the experi¬ 
mental helicity amplitndes of Ref. []^ we obtain Fmi( 0) = 3.68(9) /ijv, i"Q(0) = -0.105(16) 
fm^, and E2/M1 = —3.0(5)%, while a dispersion theoretical analysis of the Mainz data 
yields Fmi(0) = 3.47/xat, Eq{0) = —0.085(13) fm^, and E2/M1 = —2.5(4)%. Onr calcnlated 
valnes are Emi{0) = 2.533 /xat, i%(0) = —0.089 fm^, and E2/M1 = —3.65%. Onr parameter- 
independent relation [Q between the transition qnadrnpole moment and the nentron charge 
radins Fo(0 )=r;/y2 yields i%(0) = —0.083 fm^, and the corresponding E2 amplitnde is in 
very good agreement with recent measnrements. However, the nnderestimation of the mag¬ 
netic transition moment persists even after the inclnsion of exchange cnrrents. If we replace 
the calcnlated transition magnetic moment by the empirical transition magnetic moment of 
Ref. 1^ we obtain E2/M1 = —2.6% in good agreement with recent experiments. However, 
this shonld be taken with some cantion becanse experimentally one measnres the total E2 
and Ml amplitndes, which inclnde the nonresonant Born terms, whereas we calcnlate only 
the resonant > A E2 and Ml amplitndes. 


IV. SUMMARY 

We have stndied the radiative decays of decnplet hyperons within a chiral qnark model 
inclnding two-body exchange cnrrents. The present calcnlation complements and improves 
the qnark model calcnlations of Ref. 0. Exchange cnrrent effects have been evalnated for 
the hrst time for all radiative hyperon decays. Exchange cnrrents have a different inflnence 
on the radiative hyperon decay widths and on the E2/M1 ratios in these decays. The decay 
width, governed by the Ml-transition, is determined by the impnlse approximation becanse 
of snbstantial cancellations among the various two-body currents. Exchange currents modify 
the transition magnetic moments typically by 10% or less. This is consistent with our results 
for octet baryon magnetic moments where similar cancellation mechanisms have been 
observed. In contrast, exchange currents are extremely important for the E2/M1 ratios. 
The gluon- and PS-meson-pair charge densities lead via Siegert’s theorem to non-zero E2 
amplitudes for all hyperon decays. The E2/M1 ratio for the A —> of —2% comes 

almost exclusively from the gluon exchange charge density. Experimental results on the 
E2/M1 ratios for the hyperon decays provide an important test for the relative importance 
of effective gluon versus pseudoscalar degrees of freedom in low-energy QCD. 

We have indicated that detailed measurements of individual Ml and E2 transition am¬ 
plitudes may improve our understanding of SUi7’(3) flavor symmetry breaking and help to 
discriminate between models. We hnd that strangeness suppression of the hyperon decay 
amplitudes is weaker than suggested by a recent Skyrme model calculation [Q. The devia¬ 
tion of the decay widths of the negatively charged hyperons yS” and yH“ 

from the SUir(3) flavor symmetric value is stronger than in the Skyrme model. Exchange 
currents weaken the strangeness suppression observed for the transition magnetic moments 
calculated in impulse approximation. 
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FIGURES 



(a) (b) (c) (d) (e) 

FIG. 1. (a) Impulse approximation, (b) PS-meson pair current (tt, R, ry), (c) PS-meson in-flight 
current, (d) gluon-pair current, and (e) scalar exchange current (confinement and <T-exchange). 
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TABLES 



J2i m 

Ekin 

^conf 

^gluon 

LpS—octet 

Pa 

ms 

'^exp 

161 

p,n 

939 

497 

204 

-531 

-115 

-54 

939 

939 

S 

1195 

497 

173 

-562 

-51 

-65 

1188 

1193 

A 

1195 

497 

173 

-588 

-88 

-65 

1124 

1116 


1451 

497 

143 

-652 

-45 

-78 

1316 

1318 

A 

939 

497 

204 

-326 

-27 

-54 

1232 

1232 

S* 

1195 

497 

173 

-423 

-18 

-65 

1359 

1385 


1451 

497 

143 

-561 

-13 

-78 

1439 

1535 

n- 

1707 

497 

112 

-595 

-12 

-95 

1615 

1672 


TABLE 1. Individual contributions of Hamiltonian (i to baryon masses. All quantities are 

given in [MeV]. Experimental values average over particles with different charge. 



/^imp 

Pgqq 

/^PSqq 

/^qPS 

Pconi 


Ptot 

1 /^Skyrme | 

i 

/^lattice [[fijl 

yA A 

2.828 

0.292 

-0.274 

0.586 

-1.228 

0.327 

2.533 

2.388 


2.83 ± 0.49 


2.404 

0.366 

-0.068 

0.097 

-0.822 

0.291 

2.267 

1.510 


2.22 ± 0.30 


-0.990 

-0.095 

0.036 

-0.049 

0.278 

-0.105 

-0.924 

0.612 


-0.91 ± 0.11 

yS- S*- 

-0.424 

-0.176 

-0.004 

0 

0.267 

-0.082 

-0.419 

0.286 


-0.39 ± 0.08 

yA ^ 

2.449 

0.371 

-0.212 

0.366 

-0.944 

0.323 

2.354 

1.814 


— 

yS° ^ 

2.404 

0.431 

-0.117 

0.097 

-0.716 

0.329 

2.428 

1.469 


2.12 ± 0.24 

yS“ ^ 

-0.424 

-0.190 

0.009 

0 

0.235 

-0.090 

-0.460 

0.211 


-0.36 ± 0.06 


TABLE II. Transition magnetic moments of decuplet baryons. The impulse {^imp) and the 
various exchange current contributions are listed separately: gluon-pair {^gqq), PS-meson-pair 
(/Wpsqq) and PS-meson-in-flight confinement {fJ-conf) and cr-pair (/io-). Skyrme model results 

from and lattice calculation results from (with phase conventions adapted to our calculation) 
are given in the last two columns for comparison. The latter are rescaled to the proton magnetic 
moment, which is too small - //p ~ 2.3 fijsf - on the lattice. Experimentally known is only the 
non-strange A"*" —> 'yp transition magnetic moment. Prom the empirical helicity amplitudes and 
Eq.(53) in Ref. ||| one obtains = 3.58(9) pN (Ull, = 3.68(9) pN = 3.47 

Pn I^. All transition magnetic moments are given in units of nuclear magnetons pN= 
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Qgqq 

Qnqq 

Qxqq 

Qriqq 

Qtot 

Qskyrme [ll 

Qlattice |13 

1 

jN A 

-0.058 

-0.027 

0 

-0.004 

-0.089 

0.051 

-0.073 ± 0.190 

^ S*+ 

-0.051 

-0.036 

0.005 

-0.009 

-0.091 

0.025 

-0.141 ± 0.176 


0.016 

0.009 

0.002 

0.002 

0.030 

0.009 

0.041 ± 0.068 

7 S- S*- 

0.018 

0.018 

-0.010 

0.006 

0.032 

0.008 

0.050 ± 0.025 

7 A ^ 

-0.041 

0 

-0.013 

0.006 

-0.047 

0.035 

— 


7H° ^ 

-0.035 

0 

-0.005 

0.001 

-0.039 

0.023 

-0.059 ± 0.074 

7 H- ^ H*- 

0.012 

0 

0.010 

-0.006 

0.016 

0.005 

0.033 ± 0.014 


TABLE III. Transition quadrupole moments of decuplet baryons. The gluon-pair (Qgqq) and 
individual PS-meson (vr, K, rj) exchange current contributions are listed separately. Skyrme model 
results from Q and lattice calculation results from (with phase conventions adapted to our cal¬ 
culation) are given in the last two columns for comparison. The experimental transition quadrupole 
moments as extracted from the empirical helicity amplitudes according to Eq.(53) in Ref. 0: 

= -0.043(40) fm 2 | 6 |, = -0.105(16) fm 2 = -0.085(13) fm^ @,|2T|. 

All transition quadrupole moments are given in [fm^]. 


Chiral quark model 
^ 3/2 ^ 1/2 r E2/M1 

Quark model 

T E2/M1 

Skyrme Q 

T E2/M1 

Lattice 

T E2/M1 

7 V ^ A 

-186 

-92 

350 

-3.65 

— 

— 

309 

- 2.2 

430 ± 150 

3 ± 8 


-138 

-71 

105 

-2.9 

104 

0 

47 

- 1.2 

100 ± 26 

5 ± 6 

7S° ^ S*o 

56 

29 

17.4 

-2.3 

19 

0 

7.7 

- 1.0 

17 ± 4 

4 ± 6 

7 S- S*- 

26.1 

11.9 

3.61 

-5.5 

2.5 

0 

1.7 

- 2.0 

3.3 ± 1.2 

8 ± 4 

7 A 

-165 

-88 

265 

- 2.0 

232 

0 

158 

-1.9 

— 

— 

7"° ^ 

-154 

-84 

172 

-1.3 

— 

— 

63 

-1.3 

129 ± 29 

2.4 ± 2.7 

7^” 

30 

15 

6.18 

- 2.8 

— 

— 

1.3 

- 2.1 

3.8 ± 1.2 

7.4 ± 3.0 


TABLE IV. Helicity amplitudes A^/ 2 ^^ 1/2 (iii [10“^GeV“^/^]), radiative decay widths T (in 
[keV]) and E2/M1 ratios (in [%]) calculated in the present model in comparison with impulse ap¬ 
proximation quark model results from |Q|, SUi 7 ’( 3 ) Skyrme model results (slow rotor approach for 
the kaon fields) from |^, and lattice QCD results from |j^. Note that our results are given at 
q^=0. Experimentally known are the non-strange 'jN A helicity amplitudes Ag^|=-(257±8) 
10“^GeV“^/^ and A^y'^=-{141±.h) 10“^GeV“^/^, and the decay width r^^^^=610-730 keV 
ijT^. The empirical E2/M1 ratios for the yV A transition are E2/M1 = —1.5(4)% jl^ , 
E2/M1 = —2.5(4)% 1^, E2/M1 = —3.0(5)% |j^. If we use the empirical Ml-amplitude and the 
calculated E2-amplitude we obtain E2/M1 = —2.6% (see text). 
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